This paper discusses the mechanical effect of water on the deformation of silicon monocrystals under nano-indentation with the aid of molecular dynamics analysis. The rigid TIP4P model was used to simulate the interactions between water molecules while the long-ranged non-bonded Lennard-Jones potential was applied for the pairs of unlike molecules. It was found that upon loading water molecules are lodged into the cavities of the silicon substrate, causing subsurface damage. The diamond cubic structure in the indentation zone transforms into an amorphous state with a body-centred tetragonal form (β-silicon) below the indentor. The presence of water significantly reduces the indentor-silicon adhesion that alters the structure of the residual deformation zone after complete unloading.
Introduction
Nano-machining of silicon monocrystals plays an important role in the manufacture of microelectronic and semiconductor devices. In order to maintain a high surface integrity, water-based coolants are often used to ensure adequate heat dissipation in nano-machining processes such as nano-indentation, nano-scratching, nano-grinding and nanopolishing [1] [2] [3] . A study on the nano-wear of silicon [1] suggests that the nature of atomic bonding in the amorphous silicon layer depends on the extent of the effect of the normal sliding load. A later study on the comparison of various machining processes on silicon suggests that the damage and change of the subsurface structure of monocrystalline silicon is highly related to the effects of water in repeated nano-indentations [2] . It is shown that the retardation of property stabilization and the penetration of elements into the subsurface area might have taken place [2] . In this same study, 1 Author to whom any correspondence should be addressed. the evidence of chemical reactions between the transformed silicon and the environment was not found.
Theoretical investigations on the nano-indentation of silicon showed phase transformations at the nanometre scale [4, 5] . A microstructural change from diamond cubic silicon to a crystalline tetragonal body-centred structure (β-silicon) occurs during loading of a diamond indentor. Upon unloading, the crystalline tetragonal form transforms into a disorderly amorphous silicon network. A subsequent study indicated that the presence of oxygen in the atmosphere would damage the subsurface structure of silicon [6] .
On the other hand, nano-indentation on gallium arsenide (GaAs) under conditions of high atmospheric humidity showed that the area around the indentor exhibits substantial bulging similar to lateral cracking [7] and that by indenting tungsten in an HCl solution, the elastic behaviour of body-centred cubic metals is modified by a passivating layer. It was also demonstrated that the response of zirconia single crystals under micro-indentation is strongly related to the environmental conditions [8] . In a study of indentation-induced fracture of silicon, the standard deviation of crack lengths in toluene was found to be much smaller than those observed in air and water and this was attributed to enhanced plasticity [9] . The present study aims to investigate the mechanical effect of a water layer on silicon deformation under nano-indentation with the aid of molecular dynamics analysis.
Modelling and computational details
The diamond indentor, monocrystalline silicon (100) workpiece and water layer are shown in figure 1 . The silicon substrate has the dimensions of 9.2 nm × 9.2 nm × 6.9 nm, located directly below the water layer. The silicon wall consists of boundary and thermostat atoms to prevent the overflow of water molecules and ensure adequate heat conduction in water. The entire model consists of 36 285 silicon atoms, 3906 carbon atoms of the diamond indentor and 3468 water molecules. The size of the model has been shown to be large enough so that boundary effects of the silicon walls can be ignored. The diamond indentor is initially positioned 13.2 Å above the silicon substrate and the initial configuration of water molecules has a depth of 12.3 Å.
A three-body Tersoff potential [10, 11] , which has been extensively used in MD simulation studies of silicon [4] , is used here to determine the interactions between the silicon atoms. The Morse potential [12] is applied to describe the interaction between the silicon and the inert diamond indentor. A rigid water model, TIP4P [13] [14] [15] , is employed to describe the intramolecular electrostatic and Lennard-Jones water interactions consisting of four interaction sites (two positively-charged hydrogen atoms, a non-charged oxygen atom and a negativelycharged site) located in a planar configuration. Molecular dynamics routines involving quartenions [14, 15] are used to determine the rotational motion of the rigid water molecules. Intra-molecular long-ranged electrostatics were not considered due to an insignificant role on the properties of silicon. The long-range Lennard-Jones potential, υ(r ), is used to describe the non-bonded Si-H 2 O and C-H 2 O interactions as follows:
where δ is a parameter determined by the equilibrium distance (distance of minimum energy) and ε is the potential depth determining the energy scale. These interactions are based on a C-O and Si-O inter-molecular potential without considering the hydrogen atom. The potential parameters used are given in table 1. The cutoff distance for these Lennard-Jones interactions are 8.1 and 6.0 Å respectively. This technique has been shown to be reliable in various molecular dynamics studies, such as those on water in carbon nanotubes [16] [17] [18] [19] , the nanoscale friction of alkyl monolayers [20] and on water confined in a cylindrical SiO 2 pore [21] . The Lorentz-Berthelot mixing rules [22] are used to approximate the Lennard-Jones parameters between pairs of unlike atoms in different molecules in equation (1), i.e.,
where x and y represent silicon, carbon or oxygen atoms. The oxidation of these water molecules is modelled via an orientation-independent Lennard-Jones potential between the silicon and oxygen atoms where the potential parameters are derived from a semi-empirical atom superposition and electron delocalization molecular orbital method [23] . In the present study, the coordination states of the top layer of silicon are assumed to be constant throughout the entire simulation.
The molecular simulations were run with multiple optimized time steps of 0.8 fs for water [14] and 2.5 fs for silicon [4] with an indentation speed of 40 m s −1 . Water was initially placed in a lattice configuration with a density of 0.997 g ml −1 and a temperature of 25
• C and the model was allowed to relax for 5000 time steps in order for the initial lattice structure to disintegrate. Experiments had shown that water typically displayed very limited adsorption on a silicon surface [24] . In the present study, nevertheless, a relatively thick water depth of 1.23 nm was chosen so that there was sufficient water-silicon contact in the interface throughout the nano-indentation. The diamond tool was initially positioned 5 Å above the top water layer and was indented downwards during the next 44 000 time steps. Unloading took place over the final 45 000 time steps. The method of carrying out the temperature-kinetic energy conversions was the same as that in [4] , which had been shown to be reliable and accurate. No periodic boundary conditions were necessary. Two molecular dynamics simulations, one with and the other without a water layer, were conducted to understand the mechanical effect of water. All simulations were run on a 127 node, 508 processor (1 GHz) Compaq Alphaserver SC [x1] and were performed with in-house developed classical molecular dynamic code written in Fortran 77. These simulations have been extensively tested for small perturbations in the initial conditions and thermodynamic parameters. The final simulation results are highly insensitive to these changes.
Results and discussion

Deformation characteristics
The indentation stages with and without water are shown in figures 2 and 3 respectively. For convenience of visualization, only the oxygen sites of water molecules are displayed. The inert diamond indentor and water molecules react repulsively via non-bonded van der Waals interactions so that water does not penetrate into the indentor. A small load is exerted onto the diamond indentor as the indentor starts to touch the water before contacting the silicon surface (figure 4). As the diamond indentor is pushed into the silicon, some water molecules are trapped at the indentation interface, thereby forming a cavity on the silicon surface ( figure 2(a) ). The damaged zone grows but the trapped water molecules do not penetrate further into the silicon subsurface ( figure 2(b) ). Upon unloading, the water molecules remain trapped and the cavity grows, hence forming a rough residual indentation mark (figures 2(c), (d)). On the other hand, when loading without water, the top layer of the silicon surface is always in contact with the indentor ( figure 3(c) ). Then after complete unloading, the surface of the residual indentation mark is much smoother. Recrystallization and elastic recovery occur due to the indentor-silicon adhesion. With water, the indentor-workpiece adhesion is considerably reduced. Thus upon unloading, less elastic recovery occurs within the indented zone and the shape of the indentation mark after complete unloading remains similar to that at the maximum indentation loading. The load-displacement curves (figure 4) show that the indentation load in water is higher throughout the indentation process. During unloading, the contact between the indentor and workpiece terminates earlier due to less adhesion. The two load-displacement curves show consistent variation relationships with the experimental findings at a larger scale [3] . The extent of the damage caused by water can be examined to a certain degree by considering the maximum depth of the residual mark. Upon unloading, the depth of this mark caused by the indentation with water (21.3 Å) is substantially higher than without water (11.8 Å). Clearly, water causes severer damage in the form of added indentation depth during loading while retarding elastic recovery during unloading.
Phase transformations
Transformation from diamond cubic silicon to β-silicon occurs during loading [4, 5] . loading and disintegrates into an amorphous region upon unloading. With water, however, the development of the phase is limited to the zone just below the indentor tip ( figure 2(b) ). The amorphous volume shrinkage also becomes smaller ( figure 5(c) ). A comparison of the bond angles of closely packed six-coordinated atoms in the indentation zone (figure 6) reveals marked bond angle peaks that correspond to the theoretical values of crystalline β-silicon (76.9
• , 93.9
• , 105.2
• and 149.5
• ) [25, 26] . The higher distribution of smaller bond angles in the simulation without water indicates a higher proportion of β-silicon in the transformed zone. Hence, because of the trapped water at the indentor-silicon interface, which alters the local stress distribution, the growth of β-silicon is retarded.
Microstructure and stress analyses
During nano-indentation with water, the volume of transformed silicon is found to be higher (figure 7). It seems that, during loading, water molecules behave as tiny moving surface indentors which penetrate into the silicon surface and modify the stress field in the neighbourhood, thereby increasing the number and volume of the transformed silicon atoms. The recovery mismatch in the load-displacement curves (figure 4) indicates that the presence of a water layer reduces the indentor-silicon adhesive forces. This impedes the elastic recovery of the silicon, thereby resulting in a larger and deeper residual indent on the silicon sample. The phenomenon of moving surface asperities acting as abrasive grit was also noted in silicon nano-indentation with an oxygen molecule [6] . The density of the transformed silicon in the indentation without water is generally higher due to the higher formation of denser β-silicon (figure 8). The structural changes of the substrate summarized in figure 9 show that there is significant difference between the five-and six-coordinated silicon atoms in the cases with and without water. In the former, the number of six-coordinated atoms is higher at the maximum indentation, indicating a higher formation of β-silicon. The higher number of five-coordinated atoms represents a higher formation of noncrystalline amorphous silicon. Figure 10 displays a comparison of the stress fields at the maximum indentation load with and without water at a crosssection at the depth of 2.58 nm in the subsurface. The trapped water molecules at the indentation interface seem to have enlarged the zones of high shearing stresses. It is the change of these that altered the phase transformation details described above. It is clear that although the stress distributions in the two cases are similar, the magnitude and the sizes of the high stress zones are different.
Conclusions
This study has shown that the presence of a water layer in the nano-indentation of silicon has substantial mechanical effects in the form of different microstructural and deformation characteristics. In contrast to the situation of indentation without water, where β-silicon forms abundantly, the trapped water molecules at the indentation interface change the stress level in the subsurface and limit the transformation of β-silicon. The residual indentation marks become rougher. The mechanisms explored in this study explain some phenomena observed in relevant experiments [3] .
Future work is needed to understand the chemical role of water molecules in the structural transformations.
